The CP-violating effects are studied in the electron-positron annihilation to produce tt pair within the Model-III of the two-Higgsdoublet extensions, which allows flavor changing neutral currents via Higgs exchanges. Complete analytical expressions for the form factors of the top quark electric and weak dipole moments induced in the model are presented. Several observables sensitive to the CP violation are calculated. The dependences of the CP-violating effects on Higgs boson masses and the possible phase angles are discussed. We find that the CP-violating observables can be of the order of 10 −4 in general, but may reach to 10 −3 for the most favorable parameters.
I. Introduction
Symmetries play important role in physics. In the real physical world, some of the symmetries are exact and some are broken. The symmetry CP was found to be broken in neutral kaon system in 1964 by Christenson, Cronin, Fitch and Turlay[2] . Since the discovery on CP violation, more than 30 years have passed. Various models have been proposed to explain the observed CP violation in K 0 −K 0 mixing. It is well known that the KobayashiMaskawa(KM) mechanism in the Standard Model(SM) framework is consistent with all experimental data. Whereas to explain the exist experimental data, there is still some room for certain extensions of the SM. Especially, it seems that to solve the so-called baryon genesis problem of the universe, the strength of the CP violation due to the KM mechanism is not strong enough and it indicates some new source(s) of CP violation else is required. Therefore the problem on the source(s) of CP violation should be considered being still open. In the literatures [3, 4] , it is pointed out that the extended Higgs sector in the two-Higgs-doublet model(THDM) may open many different and interesting CP violating sources. Indeed, if CP violation is really related to the Higgs sector of a SM extension, such as in the THDM-III which we are considering in this work, the verification on the CP violation source is crucial not only for the problem itself, but also for understanding the electroweak symmetry breaking. Moreover as mentioned above, it also must be interesting for cosmology study, i.e., opening some solutions to the baryon-genesis problem in the universe.
In the commonly discussed THDM, the natural flavor conservation(NFC) condition is invoked to assure the absence of flavor changing scalar interactions(FCSI) by certain symmetry. Then the THDM with the NFC condition is subdivided into two modes, namely Model-I and Model-II. In Model-I, both the up and down type quarks achieve their masses from the same Higgs doublet, and in Model-II the quarks do so from different doublets. In fact, to compare with experimental data, it is not so necessary to put a symmetry to dictate the NFC condition, whereas, there is another possible mode of the THDM, which is popularly called as Model-III now. In this model instead of placing the NFC constraints by a discrete symmetry, the Yukawa couplings for FCSI are introduced as usual done, i.e., in the meantime, they also generate the fermions' masses with the nonzero vacuum expectation value of the Higgs. The consequence of the way to introduce the Yukawa couplings for the THDM-III, is that the coupling will be proportional to the masses of the coupled fermions. Considering the fact that the most fundamental fermions in the SM except top-quark have a small mass, the FCSI in the THDM-III at the tree level would not exist substantially at low mass scales. As we know that two years ago the CDF and D0 collaborations found the top quark has a so large mass(i.e., now the world average value: m t = 175.6 ± 5.5 GeV ) [1] . Therefore it is believed that careful study on the processes relevant to the top quark would be the most possible approach to new physics. As the heavy top quark will strongly suppress the effects of its mixing with other generations in the SM, the GIM mechanism of unitary constraints leads to very small CP-violation effects, although it makes the greater CP effects due to KM mechanism in B meson decays and the B meson systems than those in K systems. Hence any observation of the CP violation in top quark production and decays would give interesting informations, because it may relate to the physics beyond the SM including the THDM-III. In addition, the lifetime of top quark is so short that there is no enough time to make hadrons before its weak decay, the 'phase information' of the produced top quark, which contains the CP signature, will be kept in its decay products very well without 'disturbing' by hadronization. Therefore to observe the CP violation in top quark production makes sense and becomes accessible.
Previously, motivating CP violation in the top production has been extensively investigated [5] [6] [7] . In most of these works, the effects from the electric and weak dipoles and the CP-violating observables in the process e + e − → tt are investigated in a model-independent way. Some works are contributed to the CP-violating effects induced by the Higgs sector in the THDM without FCSI's and the MSSM in the process.
In this paper we concentrate on the CP violation effects in the process of the top quark pair production at e + e − colliders, which are originated from the THDM-III. We organize the paper as follows: In section 2, we will briefly outline the THDM-III for self containment and give the relevant vertices of Yukawa couplings involving CP-violating phases. In section 3, the complete electric and weak dipole moment form factors of the top quark within the THDM-III are calculated. In section 4, some CP violating sensitive observables for the process e + e − → tt are evaluated and discussed. Finally a short summary is given.
The third type of the two Higgs doublet model(THDM-III)
Generally in the third type of the two-Higgs-doublet model, the up-type and down-type quarks couple simultaneously to more than one scalar doublet. We consider the THDM-III has two scalar SU(2) w doublets, φ 1 and φ 2 :
with Lagrangian 2) where V (φ 1 , φ 2 ) is the general potential which is consistent with the gauge symmetries. Since there is no global symmetry that distinguishes the two doublets in the THDM-III, without loss of generality we assume v 2 = 0, β = π with tan β ≡ v 2 /v 1 . Then we have
where v ≃ 246 GeV . Three of the components of φ 1 become the longitudinal components of the W ± and Z 0 bosons, and the physical spectrum contains also the charged scalar bosons H ± , the neutral scalars h 0 and H 0 and the pseudoscalar A 0 .
where α is the mixing angle of the CP-even neutral Higgs bosons. The physical charged Higgs state is orthogonal to G ± . Then the charged Goldstone bosons G ± are
In this model there are still six free parameters which include the masses of the five neutral and charged Higgs bosons(m h 0 , m H 0 , m A 0 , m H ± ) and the mixing angle α. The Yukawa couplings to quarks are [8] ,
In above equation we defineφ 1,2 = iτ 2 φ * 1,2 , U i and D i are the SU(2) doublets of left-handed quark states and Q i (i = 1, 2, 3) are the SU(2) singlets of right-handed quark states. In the first two terms in Eq.(2.6) involving the φ 1 doublet generate the quark masses, while φ 2 appearing in the following two terms is responsible for the new interactions. With the usual manipulations λ U and λ D can be expressed in terms of the mass matrices
are the 3 × 3 matrices which determine the strengths of the flavor changing neutral scalar vertices. The ξs are all free parameters and can only be constrained by the observation of experiments relating to FCSI. The CP violation can be induced in this model by having complex ξs and the phase angle in KM matrix. In order to apply the THDM-III to our specific process, we have to employ some definite ansatz on the ξ
Here we use the Cheng-Sher Ansatz (CSA) [9] and the Yukawa couplings can be parametrized as |ξ
In principle the parameters λ U,D ij need to be constrained by available phenomenology. Due to the fact that the factor
for light quarks is quite small, the observations of the FCSI of the THDM-III for light quarks are quite difficult, so far the substantial constraints are lack i.e., the λ U,D ij mixing parameters are not well constrained. In order to simplified our analysis and have a possible and definite CP violation effect, we will take |λ
, which may make a comparison of λ
U,D ij
to the usual gauge couplings of SU (2)×U (1) in the SM. Whereas in general λ U,D ij could be complex so as to induce an additional CP violation source. Thus we write λ 2, 3) are the phase angles of the complex parameters λ U,D ij . We denote θ U 33 = θ 1 and θ D 33 = θ 2 , and try to concern the CP violation caused by them in our calculation.
CP-violating dipole couplings of top quark
In the process e + e − → tt the CP-violating effects come from the electric and weak dipole moments of top quark. In this section we analyze the THDM-III contributions to electric and weak dipoles of the top quark. In the THDM-III, additional complex couplings can be introduced and lead to CP violation in top quark physics. Generally it is assumed that the couplings −ieΓ γ,Z µ , which are the interactions between the top quark and γ, Z 0 . The couplings include CP violation phases and have the form factors as:
( 3.2) In Eq.(3.1), the d γ and d Z are called the electric and weak dipole moment form factors, respectively. In figure (1) we represent the one-loop Feynman diagrams of the vertices which contribute to the electric and weak dipole form factors of the top quark. In our consideration we ignore the couplings of the quarks in the first and second generations to Higgs and Goldstone bosons, because of their very light masses. One can expect that if the Higgs boson masses are not much heavier than the top quark, there would be a large values for electric and weak dipoles induced by the THDM-III one-loop corrections. The relevant Feynman rules of the interactions with complex couplings are given in figure (2) . The explicit expressions of the electric and weak dipole form factors of top quark in the framework of the THDM-III are listed in Appendix.
The size of the dipole moment form factors d γ and d Z depends strongly on the phases of the parameters ξs in the THDM-III. The electric dipole observations on neutron and other experiments should put constraints on the phases of ξs. In the calculation on the neutron dipole it is known that there are some theoretical uncertainties for the neutron struction of quarks, thus at present calculation we put the experimental constraint from neutron dipole aside and make more general analysis for the CP-violation effects in top quark production. In the numerical evolution we take the input parameters as m b = 4.5 GeV, m Z = 91.187 GeV, m W = 80.33 GeV, m t = 175 GeV, G F = 1.166392 × 10 −5 (GeV ) −2 and α(0) = 1 137.036
[11], here we ignore the running of α which can only give rise to minor changes to our results. The real and imaginary parts of the d γ and d Z as the functions of the energy of the center mass system (CMS) of the incoming electron and positron, are plotted in Fig.3(1 . The absolute values of both the real and imaginary parts of the dipoles are enhanced at vicinity of the energy region of the top pair production threshold and tend to vanish when the centerof-mass energy √ s is getting larger. In Fig.3(2) , Fig.3(3) and Fig.3(4) , the values of electric and weak dipoles as the functions of the masses of the Higgs bosons m h 0 , m H ± and m A are depicted, respectively, with √ s = 500 GeV and the other parameters being the same as those in Fig.3 (1). The dependences of the quantities of the dipoles on the masses of h 0 and A 0 Higgs bosons are clear, but the dipoles do not depend on the mass of H ± very much. In Fig.3 (2) the curves for the real and imaginary parts of weak dipole are raised quantitatively at the position of m h ∼ 400 GeV . That is because of the resonance effects contributed by the diagrams Fig.1 (6, 7, 8, 9) with the condition √ s = m h + m Z being satisfied. There is a small spike on each of the four curves in Fig.3(3) at the position of m H ± = m t + m b ∼ 180 GeV due to the resonance effect coming from the one-loop diagrams in Fig.1(5) . The dependences of the dipoles on the mass of H 0 are not shown in figure, since the features of these dependences are similar with that in Fig.3(2 (5) and Fig.3(6) , respectively. In each of these two figures we take the input parameter values as before and assume the phase angles θ 2 and θ 1 to be zero in Fig.3(5) and Fig.3(6) , respectively. We can see that the dipoles mainly come from the phase angle θ 1 and take maximal absolute values when θ 1 has the values around 125
• and 235
• . The contributions to dipoles from the phase angle θ 2 are two order smaller than from the phase angle θ 1 . That can be understood because the CP effect from the complex phase angle θ 1 is in proportion to top quark mass, whereas the effect from the phase angle θ 2 is in proportion to bottom quark mass, which can be read from the coupling Feynman rules shown in Fig.2. 
CP violating observables in the process
At the future electron-positron collider CP violation in the tt pair production can be searched by various means [5] [7] . In this section, we present some CP violation observables precisely and then discuss the behaviors of CP violation effects due to the electric and weak dipoles. The presence of electroweak dipole of the top quark will induce the CP violation in the process e + e − → tt. It leads asymmetry in the polarizations of the top quark and top anti-quark. These polarizations can be determined by analyzing the energy and angular distributions of the charged lepton(antilepton) particles produced by the top quark(top anti-quark) sequential leptonic decay. The analytic expressions for these distributions and the CP-violating angular asymmetries (A ch (θ 0 ), A F B (θ 0 )) have been obtained by Poulose and Rindani [10] . In those expressions the CP-violating effects in the consequent decays of top quark and top antiquark are ignored. The total lepton charge asymmetry with a angle cutoff θ 0 of the charged lepton is defined as:
The charged leptonic forward-backward asymmetry with a charged lepton angle cutoff θ 0 is defined in the form as:
These two types of angular asymmetries can be the measures of CP violation in the process e + e − → tt in unpolarized case. The relevant expressions of A ch and A F B for this process can be found in Ref. [10] .
We use the input parameters as described in the above section and take a leptonic angle-cutoff θ 0 = 30
• in numerical calculations. The charged leptonic charge asymmetry A ch and the forward-backward asymmetry A F B versus the center-of-mass energy of e + e − system are depicted in Fig.4 (1). In this figure, the absolute value of the asymmetry A ch , in general, is smaller than that of A F B when the same parameters have been taken. Actually, if the charged leptonic angle-cutoff θ 0 is changed smaller, the value of the asymmetry A ch will decrease greatly, e.g. when the cutoff is changed into 9
• , the asymmetry A ch will decrease by an order of magnitude comparing with that for the former choice. From this figure we can see that the CP violation asymmetries have threshold effects in the energy region near 2 m t clearly. Due to the phase space effects, there is a small spike on each of the curves in Fig.4(1) . Our numerical calculation shows that when the leptonic cutoff-angle is changed to a smaller value from 30
• , the spikes are shifted to the left side until it vanishes. The dependences of the two types of the CP-violation asymmetries on the masses of Higgs bosons h 0 , H ± and A 0 are plotted in Fig.4(2) and Fig.4(3 (5), respectively. In each of these two figures, the calculated results are obtained in each case by assuming one of the phase angles being zero and with the same input parameters as those being taken before. They show again that the CP-violation effects mainly come from the phase angle θ 1 and have maximal absolute values when θ 1 has the values about 125
• or 235
• . The quantitative contributions to the asymmetries due to the CP-violating phase angle θ 2 are smaller than those due to the phase angle θ 1 .
There are alternative choices for the CP-odd observables to observe CP violation, of which some can be better, but some not. Moreover, to distinguish different CP violation sources, various CP-odd observables are needed in general. For the purpose and to try one more observable, let us introduce a new CP asymmetric parameter by means of the vectors s and ω, i.e., the spin and the polarization vectors of the top quark respectively. The two vectors are three dimensional essentially. The vector s is normalized by definition, and the vector ω t is defined as [12] 
where N t ( s =ê i ) means the event number of the top quark with a spin vector as s =ê i . Hereê i (i=1, 2, 3) are the normalized basis vectors of a Cartesian coordinate frame. Note that in the rest frame of the top quark, the four-dimensional spin vector s µ of the top quark becomes (0, s). To calculate the polarization vector ω t,i in the CMS of electron and positron, we shall introduce the coordinate system (x', y', z'), where z'-axis is along the outgoing direction of top quark and y'-axis is perpendicular to the production plane of top quark pair. The commonly used coordinate system (x, y, z) in the CMS of initial states, is defined as: z-axis is along the incoming direction of e − and y-axis is perpendicular to the production plane of top pair. The angle between the axes z and z' is just the angle θ between the incoming electron and the outgoing top quark. Since we do not observe both polarizations of top and anti-top quarks in the meantime, thus to focus the polarization of the top quark, we sum up the spin of anti-top quark when calculating polarization vector ω t . In this way, for the top quark spin s =ê z ′ , the corresponding four-dimension spin vector in (x', y', z') system becomes as [12] (s) µ = (βγ, 0, 0, γ), (4.4) where γ = √ s 2mt
For the top quark spin vectors s =ê x ′ ,ê y ′ , the corresponding four-dimension spin vectors are (s) µ = (0, 1, 0, 0) and (s) µ = (0, 0, 1, 0), (4.5) respectively. Analogously, the vectors ωt for the top anti-quark can be defined too. Now let us introduce the so-called spin-momentum correlation-parameter for the top quark outgoing in a specific direction, 6) and it is easy to see that the correlation parameter is CP-odd. Herep e − and p t are unit vectors of the three-dimensional momenta of the electron and the top quark, and ω t and ωt are the polarization vectors of the top quark and the top anti-quark in the (x, y, z) system. We know that if CP conservation is hold, the polarization vectors ω t and ωt of the top quark and the top anti-quark cannot have nonzero components perpendicular to the production plane i.e., ω t,y = ωt ,y = 0, and consequently the parameter ξ CP must be zero. If CP violates in the process, only the components of the polarization vectors ω t and ωt perpendicular to the production plane(ω y ) contribute to the asymmetry parameter ξ CP . Thus to calculate the asymmetry observable ξ CP , we have to compute the polarization vectors of the top quark and the top anti-quark in y-component only. Namely the observable ξ CP can be measured by the possible asymmetry in the polarization vectors of t andt perpendicular to the production plane.
Taking a cutoff for the top quark angle θ cut = 9
• , we compute the spinmomentum correlation parameter ξ CP numerically by the above definitions and plot its average value < ξ CP > as a function of √ s in Fig.5(1) . The threshold influence at the energy region near √ s ∼ 2 m t and smooth variation (approaches to 4 × 10 −4 with the increasing of √ s) of the average value of the asymmetry parameter < ξ CP >, are shown clearly in the figure. The dependences of the average value of the CP-violation parameter, < ξ CP >, on the masses of Higgs bosons are represented in Fig.5(2) . There are similar dependences on the Higgs boson masses as those illustrated in the previous cases for the electric and weak dipoles of the top quark and the other observables. We can also see that the resonance effects are manifested on the curves for the dependences on the masses m h 0 and m H ± , e.g. when m h 0 = 400 GeV and m H ± = m t + m b , respectively. The parameter < ξ CP > versus CP-violation angles θ 1 and θ 2 are depicted in Fig.5(3) respectively, by assuming the CP-violation angles θ 2 and θ 1 to be zero in turn. Thus it is seen clearly that the CP-violation here takes source mainly from the phase angle θ 1 and has the maximal absolute value when θ 1 has the values about 125
• , whereas the contribution to the asymmetry parameter due to the CP-violating phase angle θ 2 is much smaller than that due to the phase angle θ 1 .
Summary
We have calculated the contributions to the electric and weak dipoles of the top quark in the frame of the THDM-III by introducing complex phase parameters ξ U and ξ D . The complete analytical expressions of the dipole form factors of top quark are presented. Some observables which are sensitive to CP violation are discussed. The form factors for the electric and weak dipoles, the CP-violating observables A ch , A F B and < ξ CP > all depend on the masses of Higgs bosons, the CP-violating phase angles θ 1 and θ 2 and the CMS energy in electron-positron system as well.
We have found that the electric and weak dipole form factors and other observables are enhanced in the threshold region of top pair production. The CP-violation asymmetries are mostly related to the neutral Higgs bosons A 0 and h 0 masses and the phase angle θ 1 . The numerical results show that they are in general of order of 10 −4 , and the electric, weak dipoles and the spinmomentum asymmetry < ξ CP > can reach about 10 −3 quantitatively. In the sense, being a directly measurable observable, < ξ CP > may be a better one than the others.
In summary, the values for the CP-odd observables considered in the paper may fall into the ability for the underconsidering colliders such as NLC, which can reach to a high enough energy and luminosity i.e., the asymmetries may become measurable for the powerful colliders. Therefore we would like to conclude that the top quark pair production at a very high energy e + e − collider may serve as a process for probing and hopefully investigating the CP violation sources in the THDM-III by measuring various CP-odd observables.
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